Despite being equipped with low-resolution eyes and tiny brains, many insects show exquisite abilities to detect and pursue targets even in highly textured surrounds. Target tracking behavior is subserved by neurons that are sharply tuned to the motion of small high-contrast targets. These neurons respond robustly to target motion, even against selfgenerated optic flow. A recent model, supported by neurophysiology, generates target selectivity by being sharply tuned to the unique spatiotemporal profile associated with target motion. Target neurons are likely connected in a complex network where some provide more direct output to behavior, whereas others serve an inter-regulatory role. These interactions may regulate attention and aid in the robust detection of targets in clutter observed in behavior.
Introduction
As an animal moves through the world its own motion generates optic flow across the retina. Such optic flow cues can be used to maintain a straight heading or to avoid obstacles. Besides optic flow generated by ego-motion, many animals can also discriminate the motion of objects that move independently of the remaining visual surround. The detection of widefield optic flow and of local target motion, respectively, constitute two fundamental key components of motion vision that biological visual systems need to discriminate and process.
Successful visualization of small targets that move rapidly across the visual field would intuitively require high spatial resolution, as provided in the single lens eye of vertebrates. As a consequence of the high resolution, some birds of prey, such as kestrels, can strike targets from an astonishing distance of 275 m [1] . However, not only vertebrates, but also many insects, such as dragonflies and hoverflies, perform elaborate and elegant high-speed pursuits of small targets, representing prey, predators or conspecifics [(e.g. [2] [3] [4] ]. This is impressive considering that insects have tiny brains, and that they carry compound eyes with inherently poor spatial resolution [5] . Many insects use behavioral adaptations to improve target visualization, such as viewing the target against the clear sky [6] to increase relative contrast, or adopting a hovering [7] or a perching stance [3] , thereby rendering the background stationary. Nevertheless, during actual pursuit the target will inevitably be displayed against the pursuer's self-generated optic flow. For successful capture the pursuer thus has to visualize the target's motion against a moving background.
Both insects and vertebrates have higher-order visual neurons tuned to the motion of small targets [4, [8] [9] [10] [11] . In this review I will discuss the physiology of such target tuned neurons in hoverflies and dragonflies, in light of a recent model for small target detection, and how this model compares with a common model for optic flow detection. I will also discuss how target neurons may regulate the activity of each other in a complex network.
Target neurons and their inputs
Behavioral target detection is likely subserved by small target motion detectors (STMDs) located in the third optic ganglion, the lobula. STMDs are identified by their sharp size tuning: they give peak responses to targets subtending 1-38 of the visual field, with no response to larger bars (typically > 108, Figure 1 ) or to widefield grating stimuli [12 ] . Intriguingly, despite the vast differences between the vertebrate and insect optical input, STMDs bear striking similarity to the classic hypercomplex cells [11] of the vertebrate visual cortex [(for review, see 13)].
How is target selectivity generated at the neuronal level? Classic models rely on subtracting the output from neurons sensitive to the optic flow generated by the viewer's ego-motion, making target motion the only remaining signal [14] . Such negative feedback is not only intuitive and computationally concise, it has also been shown to underlie figure selectivity in figure detection (FD) neurons in the blowfly [15, 16] . However, such an inhibitory mechanism leads to neurons that fail to respond if a target is visualized against a background that is itself moving [17] . During actual behavioral pursuit targets will often be displayed against self-generated optic flow. More suitable for such behavior, several STMDs continue to respond robustly to moving targets, whether these are displayed against a bright background or a high-contrast textured background, and whether or not there is a relative velocity difference between the target and the background [12 ,18 ] . This is a striking finding, considering the importance relative motion models have been given in the literature [(e.g. 14, 17, 19) ].
A recent model [20 ] explains how targets can be visualized against moving clutter, even without relative velocity differences (Figure 2a) . The model relies on the signature of a dark target moving across a single point in space. Such motion has a unique spatiotemporal profile where the spatially limited target's leading edge (dark contrast change) is followed a short time later by its trailing edge (bright contrast change). The core of Wiederman's model [20 ] thus depends on half-wave rectification that splits the signal from the same point in space into separate ON and OFF contrast channels, corresponding to the leading and trailing edges of the target, which are then temporally correlated (Figure 2a ). The addition of fast adaptation and strong spatial antagonism inside the motion detector itself leads to sensitivity to the spatiotemporal dynamics associated with target motion. The resulting non-directional elementary STMDs can be spatially pooled in STMDs with larger receptive fields [20 ] .
Early anatomical studies of the fly optic lobes showed that the column underlying each facet is represented by up to 100 unique interneurons, leading to the suggestion that visual input is processed in many parallel streams [21] [22] [23] 24 ] . In support of this notion, local motion is computed in a fundamentally different way in the elementary SMTD ( [20 ] , Figure 2a ), compared with the classic correlation type elementary motion detector (EMD [25] ). In the EMD, directional motion sensitivity is generated by temporally correlating the luminance input from two neighboring points in space. EMD input underlies widefield optic flow processing in most biological systems [26] . Whereas electrophysiology on neurons sensitive to optic flow, and behavioral responses to similar stimuli, provide strong support in favor of an underlying EMD input, recent technical advances have allowed more direct investigation of the EMD itself, in the genetic model Drosophila [27] . Even if the precise layout is still under intense debate [28] [29] [30] , recent work suggests that the EMD input may also be halfwave rectified [31] , and split into separate ON and OFF channels [32 ] (the 2-quadrant model [29, 33] shown in Figure 2b ).
Target detection using spatiotemporal dynamics
Several predictions of the elementary STMD model have been confirmed in electrophysiological recordings of their downstream targets, the STMDs. For example, the model relies on strong spatial inhibition from neighboring units (Figure 2a ). The presence of such lateral inhibition was investigated by quantifying the response to a target moving in the presence of a distracter target at varying distances [34] . As the distracter target moved through the strong symmetrical surround, peak inhibition was generated at ca. 38 separation (Figure 2c ). This matches the predictions from the model [20 ] , and thus accounts for the sharp size tuning of STMDs (Figure 1 ).
Besides the target's spatial profile, elementary STMD output relies strongly on the target's temporal profile [20 ] . STMDs are velocity tuned [35, 36] , with peak responses to velocities matching the temporal filters of the model [20 ] . Seen from a single point in space, a wide target moving fast approaches the temporal profile of a narrow target moving slower. Responses of a dragonfly STMD to targets that were either square (0.8 Â 0.88) or elongated (0.8 Â 88) showed that the velocity optimum had in fact shifted to higher velocities for the wider targets [35] , highlighting the important role temporal mechanisms play (Figure 2d ).
To function during actual target pursuit, STMDs need to respond to a target visualized against background motion and not to features embedded in the background texture. Accompanying this requirement, elementary STMD modeling [20 ] and STMD physiology [18 ] show that branches, edges and other features that may approach the correct spatiotemporal profile of an optimal target are surprisingly rare in natural scenes. Furthermore, the responses to such false-positive targets are much smaller than responses to optimal high-contrast targets inserted in conspicuous spots of a panoramic natural scene [18 ] . These examples (response to natural scenes, Figure 2c ,d) thus suggest that the elementary STMD model [20 ] provides a good computational framework for explaining how small target selectivity is generated in STMDs.
Neural ] provides a framework for how small target selectivity may be generated. It is based on the physiology of rectified transient cells (RTCs) in the fly medulla, and contains the following key components: the signal from early visual processing is high-pass filtered and half-wave rectified into separate ON and OFF channels. The ON and OFF channels adapt rapidly (A) and are each subjected to spatial lateral inhibition from neighboring units (only one shown here, for simplicity) of the same contrast polarity (i.e. ON surround ! ON center , and OFF surround ! OFF center ). The OFF signal is delayed via a low-pass filter (t) before being correlated (X) with the ON signal. The original model [20 ] includes several stages and elaborations, particularly at earlier stages of visual processing, not shown here. (b) The classic elementary motion detector (EMD) has recently received renewed attention. Shown here is the so-called 2-quadrant version of the model [29] . Two neighboring inputs are each subjected to high-pass filtering and half-wave rectification into separate ON and OFF channels (via the lamina monopolar cells L1 and L2, respectively). The signal from one ON input is delayed via a low-pass filter (t) before being correlated (X) with the ON signal from a neighboring input. Similarly, the OFF signal from one input is delayed and correlated with the OFF signal from a neighboring input. The outputs from the two half-arms are then subtracted to generate direction-selectivity (not shown). (c) The presence of spatial, lateral inhibition (see pictogram, C = center, S = surround) was confirmed in electrophysiological recordings of a dragonfly STMD [34] . By displaying a primary target (green) in the presence of a distracter target (black), we showed symmetrical peak inhibition at ca. 38 separation. Negative values on the x-axis indicate that the distracter target moved below the primary target, whereas positive values indicate that it moved above. (d) The importance of the temporal profile of target motion was confirmed by displaying targets that were either 0.88 square (green), or 0.8 Â 88 wide (purple), and measuring the response as a function of velocity. The data [35] show that the peak response is shifted to a higher velocity for the wider targets. [20 ] . STMDs, in turn, may synapse with target-selective descending neurons (TSDNs), or with centrifugal STMDs (CSTMDs) that cross the midbrain and provide output to the contralateral hemisphere, where they may inhibit the response of their contralateral counterpart, or affect other motion sensitive neurons. The dashed lines indicate that input may be pooled from several STMDs to a single CSTMD, or TSDN. (b) The presence of long-range inhibition acting between the two CSTMD1 neurons in each hemisphere was recently confirmed [34] . When a single target moves through the center of the receptive field, CSTMD1 responds with a strong burst of action potentials (top trace). If we simultaneously display a second target in a mirror symmetric position (dashed line indicates the animal's midline), the response is completely inhibited (lower trace). The bar indicates the peri-stimulus duration. (c) CSTMD1 has an unusually long response onset. The black trace shows the response to a target starting its trajectory at the bottom of the screen (as shown in the top pictogram in panel b). The gray trace shows the response to a target starting 308 higher up, within the receptive field (see pictogram). It takes several hundred milliseconds for the response to reach the levels of the space-aligned control [39] . The bars indicate the peri-stimulus durations of the two trajectories, respectively.
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Target neurons and their connections
While we are starting to understand the computational mechanisms that underlie the exquisite target selectivity of STMDs, we still know little about how these neurons contribute to observed behavior. Dragonflies and male hoverflies have about 20 different STMDs [9, 12 ] , which vary in terms of receptive field size and location, directionality, and ability to discriminate targets in clutter. Some STMDs output in the lateral subesophageal ganglion [12 ] , where they likely synapse with targetselective descending neurons (TSDNs [13, 37] ), which control dragonfly wing movement [4, 10] . Other STMDs output in the lateral midbrain [38] where they could synapse with centrifugal STMDs (CSTMDs).
The morphology of STMDs, albeit limited, thus suggests that STMDs are connected to each other in a complex network (simplified schematic, Figure 3a) , where some have a more direct effect on motor output, and others finetune the responses of other STMDs. Whereas direct evidence for STMD-STMD interactions remains limited, some hints to the presence of intriguing network interactions are available from the dragonfly CSTMD1, which has two output arbors in the contralateral hemisphere [35] . One of these outputs synapse with the input of its contralateral counterpart, inhibiting its response (Figure 3a ). This heterolateral inhibition was shown by comparing the response to a single target traversing the CSTMD1 receptive field, which then responds with a vigorous burst of action potentials (top trace, Figure 3b ). If instead two targets are displayed, with the second target moving through the contralateral visual field, the response is completely abolished (lower trace, Figure 3b [34] ). The long-range inhibition persists when the second target is well beyond the region of binocular overlap, in favor of this inhibition being caused by heterolateral interactions [34] . CSTMD1 responses to target motion build up very slowly [39] . It takes several hundred milliseconds for the response to a target that starts its trajectory in the middle of the receptive field (gray trace, Figure 3c ), to reach the response level of a space-aligned control where the target traversed a larger part of the receptive field (black, Figure 3c ). The slow response onset is independent of where in the classic receptive field the target starts its trajectory [39] . Several hundred milliseconds is an eternity in neuroethological terms, a time frame during which any sensible prey (the most likely target for a predatory dragonfly) would be long gone. It is furthermore not typical of STMDs for example small field-STMDs have very short response delays [38] .
What is then the role of such slow response facilitation? An attractive hypothesis is that CSTMD1 serves a role in regulating attention (for recent review on attentional modulation, see [40] ). The second output of CSTMD1 arbors across the entire contralateral lobula [35] , where it may modify the response, sensitivity, or gain of other STMDs (Figure 3a) . Another intriguing possibility is that CSTMD1 inhibits the response of neurons sensitive to optic flow, even though these neurons typically reside in the lobula plate [27] . The rapid optomotor response [41] would otherwise counteract voluntary turns during target pursuit [42] , so active suppression has to take place at some stage (see also discussion of this in Review by Olberg in this issue [4] ).
Conclusion
While the spatiotemporal processing of target motion in STMDs provides an extremely tantalizing model, it is important not to forget the role of figure detection in the lobula plate. Lobula plate FD cells, which likely underlie forward fixation [24 ] , generate figure selectivity via GABA-ergic inhibition from the output of optic flow sensitive neurons [43] . Even though FD cells have not been directly shown in Drosophila, GABA plays a role in generating the type of figure selectivity involved in bar fixation [44] . Furthermore, even some neurons traditionally seen as optic flow filters respond to the spatiotemporal dynamics within natural scenes, with such called pattern noise [45, 46] , and to the relative motion of a large bar against self-generated optic flow [47] . Even if the elementary STMD model [20 ] stands in striking contrast to other target models, including the FD model for figure selectivity [15] , it is thus likely that both lobula and lobula plate circuits play an important role in discriminating the relative motion of figures, features and targets in complex textured surrounds. In this context it is interesting to note that the lamina and lobula plate are probably the ancient ancestral visual neuropils, while the medulla and lobula are later additions [48] , suggesting that STMDs evolved after the lobula plate circuits. Future dissociation of visual circuits in Drosophila and larger flies will help elucidate the relative role different inputs and higher-order interneurons play in target visualization.
